B-cell lymphoma 6 (BCL6) and PR domain containing 1 (PRDM1) are considered as master regulators for germinal center (GC) formation and terminal B-cell differentiation. Dysregulation of BCL6 and PRDM1 has been associated with lymphomagenesis. Here, we show for the first time that direct cell-cell contact between follicular dendritic cells (FDC) and B-lymphocytes, by influencing the expression of a set of microRNAs (miRNAs), regulates the expression of BCL6 and PRDM1. We identify that, on cell adhesion to FDC, FDC induces upregulation of PRDM1 expression through downregulation of miR-9 and let-7 families and induces downregulation of BCL-6 through upregulation of miR-30 family in B-lymphocytes and lymphoma cells. We further demonstrate that the miR-30 family directly controls BCL-6 expression and miR-9-1 and let-7a directly control PRDM-1 expression through targeting their 3 0 UTR, mediating the FDC effect. Our studies define a novel regulatory mechanism in which the FDC, through induction of miRNAs in B-lymphocytes, orchestrates the regulation of transcription factors, promotes germinal center B-cell survival and differentiation. Dysregulation of miRNAs may interfere with B-cell survival and maturation, thus representing a novel molecular mechanism, as well as a potential therapeutic target in B-cell lymphomas.
Introduction
In response to antigenic challenge, uncommitted B-progenitor lymphocytes migrate through the follicular dendritic cell (FDC) network, are positively selected and establish highly organized germinal centers (GC) in lymphoid organs. Within the GC, proliferating GC B cells undergo somatic hypermutation, affinity maturation and isotype switch, and finally differentiate into either memory B cells or plasma cells. This B-cell differentiation process is strongly regulated by suppression or induction of specific transcription factors. Among various transcriptional regulators, B-cell lymphoma 6 (BCL6) and PR domain containing 1 (PRDM1) are master regulators for GC formation and terminal B-cell differentiation.
1,2 Dysregulation of BCL6 and PRDM1 has been associated with lymphomagenesis. 1, 2 It has been proposed that, within the GC, B cells closely interact with FDCs, which provide survival signals to protect B cells from apoptosis and are essential for the differentiation of GC B cells. 3 However, considerably less is understood about the molecular mechanisms, especially in the GC, that initiate and determine late B-cell differentiation and expression of BCL6 and PRDM1. In this study, we determined whether interaction between FDC and B lymphocytes can regulate the expression of BCL6 and PRDM1 in the context of the GC. Furthermore, we explored the role of microRNA (miRNA) in the expression of BCL6 and PRDM1 in GC B lymphocytes.
miRNAs are a newly discovered class of short (19-25 nucleotides) endogenous small RNAs that negatively regulate gene expression post-transcriptionally. 4 There has been an explosion of interest in the miRNA field as these molecules have been found to have key roles in a wide range of biological processes and to be aberrantly expressed in many types of cancer, including lymphomas. 5, 6 However, the role of miRNAs in B-lymphocyte development and B-cell lymphomagenesis is largely unknown. More researchers are beginning to address the role of miRNAs in B-cell malignancies, with some suggesting that specific miRNAs have an important role in B-cell function and malignancy. MiR-155 has been shown to regulate GC response through modulation of cytokine production 7 and regulation of the activation-induced cytidine deaminase. 8 A more recent study has shown that miR-155, by downmodulating Src homology 2 domain-containing inositol-5-phosphatase and Src homology 2 domain-containing inositol-5-phosphatase (C/EBPb), initiates a chain of events that lead to the accumulation of large pre-B cells and acute lymphoblastic leukemia/high-grade lymphoma. 9 FDCs are stromal cells unique to primary and secondary lymphoid follicles. Recirculating resting B cells migrate through the FDC networks, whereas antigen-activated B cells undergo clonal expansion within the FDC networks in a T-celldependent manner, thereby generating GCs. 3 Only B cells that bind to FDC survive in the GC and differentiate into high-affinity plasma cells and memory B cells. 10, 11 As physical interactions between B cells and FDCs from the lymphoid tissue microenvironment are critical for B-cell maturation and survival of normal and malignant B cells, we have identified the miRNAs induced by interactions between FDCs and B cells. Furthermore, we explored the regulation of BCL6 and PRDM1 by FDCs and the role of FDC-induced miRNAs in BCL6 and PRDM1 expression using an in vitro GC B-cell-FDC coculture model.
Materials and methods
The details of this section are available online as Supplementary Information.
Results

FDCs regulate expression of BCL6 and PRDM1 via cell-cell contact
We used a previously described FDC-B-cell coculture model 12, 13 to examine the effects of cell adhesion to FDC on transcription factor (BCL6 and PRDM1) expression. The GC-derived large lymphoma cell line SUDHL-4 (SU-4), Burkitt's lymphoma cell line Ramos, as well as HK FDCs were used in our study. Examination of the effects of FDC on BCL6 and PRDM1 revealed decreased BCL6 expression and increased PRDM1 expression at 24, 48, 72 and 96 h after coculture of HK and SU-4 cells (Figure 1) . After 24 h of adhesion, we observed a dramatic decrease in BCL6 expression at both the protein and mRNA levels in SU-4 lymphoma cells (Figures 1a and b) and Ramos cells (Supplementary Figure S1) . PRDM1 protein increased B2-fold after 24 h of adhesion and remained elevated for up to 96 h (Figure 1d) . A similar consistent increase was also detected for PRDM1 mRNA (Figure 1e ). To examine the contribution of soluble factors on physical cell-cell contact, we used Transwell inserts to allow lymphoma cells to be juxtaposed to HK cells without cell-cell contact. As shown in Figures 1c and f FDCs regulate expression of B-cell survival and differentiation-related miRNA expression
We aimed to identify which miRNAs were involved in FDC-induced BCL6 and PRDM1 expression changes. For this, we first performed miRNA analysis on SU-4 cells in suspension, and after 24 and 48 h of HK coculture. To ensure that no HK cell contamination occurred, SU-4 cells in suspension and after coculture were purified by CD19-positive magnetic selection, followed by total RNA isolation. Duplicate microarray platforms . SU-4 cells in suspension and after 24 and 48 h of co-culture with HK cells were sorted out by CD19 magnet beads, and isolated total RNA was then applied for miRNA array assay. A duplicate of microarray platform was used to examine expression levels of 875 validated human miRNAs. Total RNA (5 mg) isolated from SU-4 in suspension and after coculture was analyzed by miRNA array analysis. A clustering graph was created using a hierarchical method from miRNAs with signal density of 41000, showing increased (red) or decreased expression (Po0.05) of individual miRNAs. The column heading indicates the individual sample code in the assay. Each row shows the expression pattern of individual miRNAs as a log 2-transformed expression ratio, with the most closely related expression joined by a branch and clustered by an average-linked algorithm. Of these miRNAs, 38 were upregulated (red in heat map) and 39 were downregulated (green in heat map) after 24 h and 41 were both upregulated (red in heat map) and downregulated after 48 h of coculture. Asterisks (*) indicates the specific associated cluster. were used to examine expression levels of 875 validated human miRNAs in these RNA preparations. Cells maintained in suspension were designated as the reference population. Using criteria and statistical analysis described in experimental procedures, we identified miRNAs that were differentially expressed on B-lymphoma cell adhesion to HK cells. As shown in Figures 2a and b, with respect to SU-4 cells in suspension, 38 miRNAs were upregulated and 39 were downregulated after 24 h of coculture (Figure 2a) , and 41 were both upregulated and downregulated after 48 h of coculture (Figure 2b ) (4twofold change; Pp0.01). It is noteworthy that clusters or paralog families of miRNA precursors, such as miR-17B92, miR-106aB92 and miR-106bB25, were identified in both 24-h and 48-h cocultures with respect to cells in suspension (representative miRNAs shown in Figure 2c ). A total of 18 miRNAs were upregulated and 12 were downregulated at both 24 and 48 h of coculture.
We next searched for miRNAs that target BCL6 and PRDM1. As miRNAs negatively regulate their target genes through basepairing interaction between their seed sequence and the 3 0 -UTR of target genes, we searched the miRNA TargetScan Database and found that a sequence motif of the 3 0 -UTR of BCL6 matches the miR-30 family, and PRDM1 matches the miRNA let-7a seed sequences. We selected a set of miRNAs, including let-7 miRNAs and the miR-30 family, for initial validation and further functional studies. As shown in Figure 2c , these miRNAs were indeed regulated by FDC, and each is predicted to have target site(s) in either BCL6 or PRDM1 mRNA 3 0 -UTR. We therefore examined whether FDC induced miRNA let-7 and miR30 expression changes using quantitative real-time RT-PCR. In agreement with miRNA, microarray data shown in Figures 2c, d and e show that adhesion of SU-4 to HK cells induced significant miR-30 family upregulation and let-7a downregulation, respectively, with respect to cells in suspension (arbitrarily set as 1). These effects are cell-cell contact dependent, as let-7a and miR-30s remained unchanged after HK and SU-4 coculture, when the cells were cocultured with Transwell inserts to allow SU-4 cells to be juxtaposed to HK cells without cell-cell contact. The downregulation of let-7a and upregulation of the miR-30 family are cell-cell contact dependent and reversible as resuspension of SU-4 (detach) after 48 h of coculture resulted in reversal of HK-induced miR30 family and let-7a changes ( Supplementary  Figures S2D-2E) .
miRNAs regulate the expression of BCL6 and PRDM1 and are required for FDC-induced changes in BCL6 and PRDM1 expression
We investigated whether BCL6 and PRDM1 were indeed regulated by miRNAs (let-7 and miR-30 families) and whether the observed increase in PRDM1 and downregulation in BCL6 expression after adhesion to HK cells are mediated through these miRNAs. To examine whether BCL6 was regulated by miR-30, we ectopically expressed each of the miR-30 family members (miR-30a, b, c and d) in SU-4 and Ramos cells by lentiviral transduction. Overexpression of miR-30 family members resulted in a dramatic decrease in expression of BCL6 protein compared with a scrambled control (arbitrarily set as 1; Figures 3a and b) . Knockdown of miR-30s by antisense miR-30a using 2 0 -O-methyl oligonucleotide (2-O-ME) antagonists (anti-miR-30a) partially restored BCL6 in SU-4 cells (Figures 3c and d) . In addition, we determined whether depletion of miR-30 by anti-miR30 suppressed HK cell-induced miR-30 expression and, subsequently, HK cell-regulated BCL6 expression. As shown in Figures 3c-e , depletion of miR-30 expression by anti-miR-30s abolished FDC-induced BCL6 downregulation, indicating that the miR-30 family was required for regulation of BCL6 expression by FDCs. The result was further confirmed by similar results in Ramos cells using the same lentiviral vector expressing miR-30a and anti-miR-30a ( Figures S3A-C) . In addition, we also examined whether PRDM1 was regulated by miR-30, as PRDM1 is another potential Figure S3D) , suggesting miR-30 involvement of fine balanced tuning of regulation on both BCL6 and PRDM1 expression. Furthermore, we performed similar gain-or loss-of-function experiments to examine the effects of overexpression and knockdown of let-7a on PRDM1 expression in SU-4 cells (Figure 4a ). SU-4 cells were transduced with the precursor of let-7a (pre-let-7a). Overexpression of let-7a resulted in a consistent decrease in PRDM1 protein and mRNA expression, compared with a non-targeting control miRNA precursor (Figure 4c ), whereas let-7a depletion through anti-let-7a partially restored PRDM1 in SU-4 cells (Figure 4b ). To further explore the role of let-7 in HK-induced PRDM1 expression, we applied pre-let-7a-transfected cells to our co-culture experiments. Figure 4d shows that overexpression of let-7a partially prevented HK-induced PRDM1 expression. Together, these data support that miR-30 and let-7 regulate expression of BCL6 and PRDM1 and are required for FDCinduced expression of BCL6 and PRDM1.
We further used a luciferase reporter with the PRDM1 3 0 -UTR fused to luciferase (pSIC.PRDM1.3 0 -UTR.538-2419) to validate the direct regulation of PRDM1 by let-7a as described previously.
14 Both wild-type (WT) and mutant reporters with the let-7a binding site mutated were co-transfected with pre-let-7a into SU-4 cells, and a luciferase reporter assay was performed. Figure 5 shows that luciferase activity in pSIC.PRDM1.3 0 -UTR, but not in mutant reporter plasmids, was significantly suppressed by ectopic expression of let-7a in SU-4 cells. We observed increased reporter activity for pSIC.PRDM1.3 0 -UTR following cell adhesion to HK cells. Pre-let-7a only moderately suppressed reporter activity for PRDM1.3 0 -UTR and partially decreased HK-induced reporter activity for PRDM1.3 0 -UTR, as shown in Figure 5a . Of note, HK cells increased luciferase activity of the let-7a mutant reporter of PRDM1.3 0 -UTR, indicating that let-7a only partially regulated PRDM1 expression. Because pSIC.PRDM1.3 0 -UTR.538-2419 contained a binding site for miR-9, another known and predicted miRNA targeting PRDM1, we speculated that miR-9 might be involved in PRDM1 expression, especially in the setting of HK-B cell interaction. Figure 5a shows that miR-9 overexpression of miR-9 precursor transfection decreased PRDM1 reporter activity and partially blocked HK-enhanced PRDM1 reporter activity in SUDH-4 cells. Interestingly, transfection of combined pre-let-7a and miR-9 significantly decreased PRDM1 reporter activity and markedly blocked HK-enhanced PRDM1 reporter activity, indicating that let-7a and miR-9 functioned in a coordinated manner to regulate PRDM1 expression. These results are in line with previously described additive repression effects of let-7a and miR-9 on PRDM1 expression.
14 Of note, cell-adhesion-induced miR-9 downregulation is detected by qRT-PCR as shown in Figure 5a but not from our miRNA array experiment. This is likely because of technique sensitivity.
To further validate the direct interaction between BCL6 and miR-30, we constructed luciferase reporters containing the BCL6 3 0 -UTR that included miR-30 binding sites and a mutant 3 0 -UTR harboring mutations in the 'seed pairing' sequences of the miR-30 binding site. WT and mutant reporters were introduced into NIH-293T cells. As NIH-293T cells contain abundant miR-30s, we transfected these cells with WT or mutant BCL6 3 0 -UTR reporter with and without anti-miR30s (2-O-MEmiR-30s). Figure 5b shows that reporter activity of WT but not mutant BCL6-3 0 -UTR was significantly decreased after transfection. This is likely due to the effect of abundant endogenous miR-30s. However, when co-transfecting WT or mutant BCL6-3 0 -UTR with anti-miR30a and anti-miR30b in NIH-293T cells, reporter activity of WT but not mutant BCL6-3 0 -UTR was significantly increased, supporting the role of the miR-30 family in the regulation of BCL6 expression.
Collectively, these data support the notion that interaction of HK cells with B cells triggers the expression of a set of miRNAs and that miRNAs regulate expression of differentiation-related transcriptional factors, such as BCL6 and PRDM1.
FDC-regulated expression of BCL6 and PRDM1 and miRNAs let-7 and miR-30 in primary normal B-lymphocytes and lymphoma cells
We next investigated whether the observed changes in BCL6 and PRDM1 and their related miRNAs, let-7 and miR-30, can be validated in primary normal B lymphocytes and lymphoma cells. Figures 6a and b show that all primary B-lymphocyte samples (including one follicular lymphoma, two diffuse large B-cell lymphomas, four benign B lymph nodes) had changes similar to those observed in the lymphoma cell lines (SU-4 and Ramos). The results shown in primary lymphocytes urther support that miRNAs have a role in the regulation of BCL6 and PRDM1 expression and that modulation of miRNAs by interaction between FDCs and B lymphocytes contributes to induction and suppression of BCL6 and PRDM1. BCL6 and PRDM1 have been shown to be important for regulation of the gene expression required for B-cell differentiation. Dysregulation of BCL6 and PRDM1 is often associated with lymphomagenesis.
Discussion
We show for the first time a function for FDC in BCL6 and PRDM1 regulation that is cell-cell contact dependent. Our findings of downregulation of BCL6 and upregulation of PRDM1 by FDCs imply a role for FDC in late B-cell differentiation. On antigen stimulation, B lymphocytes undergo terminal differentiation into antibody-secreting plasma cells and memory B cells. These changes are the result of silencing of BCL6 and induction of PRDM1. BCL6 is selectively expressed in mature B cells within the GCs 15, 16 and is required for the formation of GCs. 17, 18 Independent lines of evidence suggest that downregulation of BCL6 is necessary for normal B cells to exit the GC, whereas PRDM1 appears to be that key regulator the gene of which serves as a hub for the gene network for B-cell terminal differentiation into plasma cells. Overexpression of PRDM1 induces mature B cells to differentiate into plasma cells. 19, 20 Our finding of BCL6 downregulation and PRDM1 induction by contact interaction of FDCs and B lymphocytes is in agreement with that of a BCL6/PRDM1 expression pattern, when B cells undergo GC B-cell maturation. Contact interaction of FDCs and B cells in GC may have a critical role in commitment of B-cell terminal development by regulating the balance of BCL6 and PRDM1. Our study also supports kinetic changes of BCL6 and PRDM1 during plasma cell and memory B-cell differentiation, as shown in a recent report. 21 Our study used a similar but modified model that did not include CD40L and other cytokines such as interleukin (IL)-4 and IL-10 in our co-culture model for the purpose of exploring the sole effect of FDC on BCL6 and PRDM1 expression. Activated T cells regulate BCL6 and PRDM1 expression through CD40-CD154 (CD40L) and secretion of cytokines. Our study shows that FDCs are 0 UTR.538-2419 or one of the mutant reporter plasmids harboring point mutations in the target sites for let-7a or miR-9. These reporter plasmids were co-transfected with let-7a precursor (50 nmol/l) or/and miR-9 precursor (50 nmol/l). pcDNA3 plasmid or miRNA negative control oligonucleotides (Applied biosystems Inc., Austin, TX, USA) were used as negative controls. SU-4 cells were transfected with the indicated plasmids, with or without HK coculture for 48 h, and luciferase activities (in triplicate) were measured 36 h after transfection. (b) Anti-miR-30 increased luciferase reporter activity in WT BCL6 3 0 -UTR reporter but not in mutant reporter plasmids harboring point mutations in the target sites for miR-30. Luciferase reporter assays were conducted in NIH-293T cells co-transfected with luciferase constructs containing BCL6-miR30a putative binding sites and antisense 2-O-ME against miR-30a (Anti-miR-30) or co-transfected with mutated versions of the BCL6-miR-30a putative binding sites and antisense 2-O-ME against miR-30a. Scrambled antisense 2-O-ME was used as control for anti-miR-30a. For a and b, Renilla luciferase activities were normalized against firefly luciferase activities, and results for normalized Renilla luciferase activities are means ( ± s.e.) from at least three independent experiments and expressed relative to control values. * , **Po0.05.
directly involved in regulation of BCL/PRDM1 expression through cell-cell contact interaction. FDCs constitute the backbone of follicles and are a major component of the follicular microenvironment and have an antiapoptotic role in B-cell survival and late B-cell development. Among the miRNAs that we observed to be associated with B-cell survival and proliferation (see Figure 2) are the let-7 family, miR-30 family and three paralog families of miRNA precursors, as well as miR181, miR-15a and miR-16-1, miR-146, and miR-99 families. The coordinated effect of these miRNAs may have a critical role in B-cell survival in GC and in terminal B-cell differentiation. Interestingly, when we compared our in vitro coculture model data with two recent studies that analyzed stage-specific expression of native, GC, as well as memory B cells, we found significant overlap between miRNAs expressed after interaction with FDCs and miRNAs expressed in GC cells identified in these studies. More than half of the 39 GC miRNAs identified in Malumbres's report 22 were also noted in this study. Similarly, a sizeable fraction of sharing miRNAs that were specifically expressed in our study are shown in Supplementary Table S1 of Zhang et al., 23 suggesting highly specialized regulatory functions of FDC in B-cell development. The common miRNAs found in our study and in the other two studies are miR-103, miR-106b, miR-16, miR-17, miR-181 family, miR-18a, miR-19 family, miR-20 family, miR-30 family, and miR-93 (all upregulated) and let-7 family, miR-320, miR-150 and miR-26 (all downregulated). This was further validated by a recent in situ study on intact normal lymphnode. 24 miRNA in situ hybridization 25 in tonsil tissue sections confirmed that miR-17-5p, -106a and -181b were elevated and that miR-150 was reduced in GC B cells. Taken together, these findings are in line with our findings and previous reports that lymphoma stromal cells bind to GC B cells and sustain their survival and cell-cycle progression. 26 The FDCinduced miRNA changes provide insight into the underlying mechanisms for the enhanced survival provided by coculture with HK cells. [27] [28] Our experiments show a previously undescribed mechanism of BCL-6 and verify the mechanism of PRDM1 regulation through miRNAs targeting 3 0 -UTR of their genes. This substantially expands our understanding of miRNA function in B-cell survival, maturation and B lymphomagenesis. The miR-30-mediated downregulation of BCL6 activity represents a new pathway for the FDC-induced inhibition of BCL6 function. The signals and effectors inducing miRNA changes are likely from cell-cell contact. Identification of the FDC factors that determine the pathways controlling miRNA expression will be critical to understanding the mechanisms that regulate GC formation and lymphomagenesis. When the regulation of B-cell maturation and the intricate machinery are disrupted, B-cell lymphomas can occur. Dysregulation of miRNAs may interfere with normal B-cell terminal differentiation, thus revealing a novel molecular lesion and a potential therapeutic target in B-cell lymphomas.
